Short title: HDAC6 inhibits erythroid lineage genes
Introduction
Survival, self-renewal and differentiation of hematopoietic stem cells in to blood cells is tightly regulated by expression of transcription factors, cytokines and miRNAs [1] [2] [3] [4] [5] .
Megakaryocytes and erythrocytes are derived from a common megakaryocyte-erythroid progenitor (MEP) cells 6 . Megakaryocytes (MK) produce enucleated platelets that are involved in blood clotting, hemostasis and in immune response 7 . Thrombocytopenia, reduced platelets count, is a clinical problem in many disease conditions such as cancer therapy, trauma, sepsis
and viral infections such as dengue, etc 8 and requires platelet transfusion. The two reasons for thrombocytopenia are reduced production from MK cells or increased destruction of platelets 9 .
Better understanding of molecular mechanisms regulating MK differentiation and platelet production are required to identify the safe sources of platelets for therapeutic purposes and to cure the platelet diseases.
K562 cells are chronic myeloid leukemia cells, well studied model system to find out the molecular mechanisms regulating the erythroid and megakaryocyte lineages in the presence of different chemical inducers 10 . PMA (Phorbal 12-myristate 13-acetate) induces the differentiation of K562 cells towards megakaryocyte lineage whereas hemin, hydroxyurea and Ara-C (Arabinosyl cytosine) induce erythroid differentiation of these cells 11, 12 . The differentiation of K562 cells to megakaryocytes is monitored by cell growth arrest, changes in morphology, endomitosis and adhesive properties due to expression of integrins CD61 and CD41 (MK markers) 13 and reduced expression of erythroid genes Glycophorin A (GYPA). PMA induces the activation of PKC leading to further ERK1/2, c-JUN, c-FOS and NF-κB transcription factor activation [14] [15] [16] [17] . PMA also induces ROS production in K562 cells and ROS is an important factor driving MK cell differentiation 18 .
The two epigenetic marks that play an important role in gene regulation are methylation and acetylation. Acetylation and deacetylation of histone proteins is controlled by histone acetyl transferases (HATs) and histone deacetylases (HDACs) respectively. Deacetylation of histone proteins by HDACs leads to the formation of compact chromatin which prevents the binding of transcriptional machinery and thus gene suppression 19 . HDACs play important role in various 
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RNA isolation and RT-PCR
Total RNA was isolated by TRI reagent (Ambion) according to the manufacture's protocol and quantification and purity of RNA were determined by Nanodrop. nonfat skimmed milk powder for 45 min. Specific proteins were probed with primary antibodies-HDAC6, HDAC10, H3, acetyl tubulin, tubulin, Ac-H3K9, Ac-H3K56 and GAPDH (Cell signaling). After washing the membrane with TBS-T for 3 times, each wash for 10 min; secondary antibody conjugated with horseradish peroxidase was added and incubated for an hour. After two washes with TBS-T for 10 min each, detection was performed by enhanced chemiluminiscence reagent (ECL, Amersham) and captured using BioRad imaging system.
Isolation of Histone proteins
Histone proteins were isolated from treated and control cells as described in Nature protocols 26 .
In brief, the cells were washed with ice cold PBS and resuspended in 5-10 volumes of hypotonic ) were transfected with plasmid pcDNA-HDAC6-FLAG using PEI reagent as per the manufacture's protocol. Briefly, the plasmid DNA was mixed with PEI reagent in the ratio of 1:1 in serum free media and incubated for 15 min before adding to the cells. After 3 h incubation, complete medium was added and allowed to grow for different time points. Realtime PCR, Immunoblot and HDAC activity assay were used to confirm the overexpression.
pcDNA-HDAC6-FLAG was a gift from Dr.Tso-Pang Yao (Addgene plasmid # 30482).
Nuclear and cytoplasmic extractions
Briefly, the cells were lysed in cytosolic extraction buffer (30 mM Tris-HCl, [pH 7.5], 150 mM NaCl, 10 mM MgCl 2 , 1% Nonidet P-40, 1 mM PMSF and protease inhibitor cocktail), incubated on ice for 3 min and centrifuged at 10000 g for 3 min. The pelleted nuclei were washed with cytosolic extraction buffer and spun at 16000 g for 5 min. The nuclei were lysed in nuclear extraction buffer (10 mM HEPES [pH 7.9], 420 mM NaCl, 10 mM MgCl 2 , 1 mM EDTA, 25%
glycerol, 1 mM PMSF and protease inhibitor cocktail) for 30 min on ice with intermittent vortexing. The nuclear extract was collected at 16000 g for 30 min at 4 o C.
Immuno Fluorescence
The control and PMA treated cells were fixed in 4% formaldehyde, permeabilized with 0.25%
Triton X-100 and blocked with 3% bovine serum albumin in phosphate-buffered saline. The cells were incubated with primary HDAC6 antibody for 1 h, followed by washes with 1%BSA in PBS-T and then the cells were incubated with fluorophore-conjugated secondary antibody 
Statistical analyses
Results were expressed as the means of ±standard deviation (SD) of at least three independent experiments. Statistical analysis was carried out by one-way ANOVA, two-way ANOVA, followed by Tukey's multiple comparison tests using Graphpad Prism 6.01. The statistical significance is represented as *p-value < 0.05; **p-value < 0.01 and ***p-value < 0.001. 
Results
Differential expression of classIIb
HDAC6 upregulation is specific to K562 cell differentiation to MK cells.
PMA is known to activate several signaling pathways including PKC and PI3K. So we asked the question whether HDAC6 upregulation is due to PMA signaling or is MK lineage specific. To address this, we assessed the expression levels of HDAC6 in PMA-induced HL-60 cells that differentiate into monocytes. The results showed no change in HDAC6 expression levels in PMA-induced HL-60 cells indicating that HDAC6 upregulation is MK lineage specific ( Fig. S2 ) and also its inhibitory effect on other HDACs by Immunoblot ( Supplementary Fig. S3 ). The Ac-H3K9 and Ac-H3K56 immunoblot showed a significant increase in the acetylation levels of H3K9 and H3K56 (Fig. 2C) suggesting that HDAC6 might be playing an important role as a transcriptional regulator during PMA-induced differentiation of K562 cells to MK cells. We next investigated the mechanism by which HDAC6 is upregulated during MK differentiation of K562 cells. We analyzed the PKC pathway activated by PMA in K562 cells during MK differentiation. We determined the levels of phospho-ERK and Ac-NF-κB in control and PMA-treated K562 cells. In the immunoblots, we found increased p-ERK levels and increased Ac-NF-κB (K310) along with increased HDAC6
during PMA treatment (Fig 2D) . Further, we found reduced HDAC6 expression when ERK1/2 activation was inhibited with apigenin ( Fig 2E) during PMA induced differentiation of K562 cells suggesting that HDAC6 upregulation during MK differentiation is via PKC-p-ERK-NF-κB axis.
HDAC6 is required for the expression of MK markers and inhibition of erythroid marker
To further delineate the role of HDCA6 during MK differentiation, we have treated the cells with Tub A, and analyzed the expression levels of MK lineage genes. The qPCR results clearly indicated that MK markers were downregulated when HDAC6 is inhibited in PMA treated cells along with significant upregulation of erythroid marker (Fig 3A) . We also measured the protein levels of CD61 by flow cytometry and the results are in agreement with qPCR data (Fig 3B (i) & (ii)). Next we performed HDAC6 knockdown during MK differentiation with shRNA (pLKO.1 HDAC6) and studied the MK linage commitment. The expression analysis of MK marker (CD61) and erythroid marker (GYPA) showed significant reduced levels of CD61 with significant induction of GYPA during MK differentiation (Fig 3C) , mimicking effects obtained with Tub A. To further probe the effect of HDAC6 during MK differentiation, we have overexpressed HDAC6 in K562 cells and studied the MK lineage marker expression.
Overexpression of HDAC6 in K562 cells was confirmed at the RNA level by qPCR (Fig 3D (i) ), protein level by immunoblot (Fig 3D (ii) ) and activity by HDAC assay (Fig 3D (iii) ).
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Overexpression of HDAC6 resulted in significant upregulation of CD61, but not CD41 and downregulation of erythroid lineage gene, GYPA (Fig 3E) . These results suggest that HDAC6 might be negatively regulating erythroid lineage gene, GYPA expression and positively regulating the MK lineage gene, CD61 expression. We then sought to determine how HDAC6 is positively regulating the expression of MK marker (CD61). To explore this, we have analysed the expression levels of MK transcription factors GATA2, FOG-1 and GATA1 in HDAC6
inhibited cells treated with PMA. We observed reduced expression of GATA2 and FOG-1 in Tub A treated cells alone but not in HDAC6 inhibited cells treated with PMA (Fig 3F) . On the contrary, we observed upregulation of GATA2 and FOG-1 in HDAC6 overexpressed cells without PMA treatment (Fig 3G) . These results suggest that HDAC6 might be regulating the expression of GATA2 and FOG-1 indirectly that in turn regulate CD61 expression.
HDAC6 represses GYPA promoter
When HDAC6 was inhibited with tubastatin A, we have observed upregulation of GYPA not only in PMA-treated K562 cells, but also in K562 cells treated with Tub A alone (Fig 4A) . But we did not observe significant effect on other erythroid lineage genes like γ globin and EKLF (Fig 4B) . This prompted us to look into the role of HDAC6 in GYPA transcriptional repression.
We therefore designed 5 sets of primers from first intron to the 1400 bp upstream to the transcription start site (TSS) of GYPA promoter (Fig. 4C ) and did ChIP-PCR with HDAC6
antibody. We observed a 2-fold enrichment of HDAC6 over the GYPA promoter at 4 out of 5 sites studied in control cells (Fig 4D) . However, there was a significant enrichment at site 1 (-1363 bp to 1183 bp) in PMA-treated cells. The HDAC6 binding decreased significantly at site 1 when treated with Tub A (Fig 4D) in control cells. These results clearly indicated that HDAC6
plays an important role in repressing erythroid-specific lineage gene, GYPA.
Crosstalk between PMA signalling, ROS and HDAC6 during MK differentiation
The strong nuclear localization of HDAC6 in the present study correlated, partly, with the GYPA gene repressing function of HDAC6. However, the immunofluorescence and immunoblot data indicated cytoplasmic presence of HDAC6. So we also focused on other probable functions HDAC6 might be having during MK differentiation. Since the role of HDAC6 in ROS production and the role of ROS in MK biology is well known, we tried to find a link between 1 2 ROS and HDAC6 in MK differentiation. We measured ROS levels using H2DCF-DA by flow cytometry and observed increased ROS levels in PMA treated cells that were reduced upon HDAC6 inhibition (Fig 5A) . Since NADPH oxidases are involved in ROS production, we next examined the effect of Tub A on NOX2 and NOX4 expression and found that NOX4 was upregulated during MK differentiation and significantly downregulated in the presence of HDAC6 inhibitor with no change in NOX2 expression (Fig 5B) suggesting for the first time that PMA-induced ROS production in MK differentiation of K562 cells is via NOX4. In addition, we have observed downregulation of NOX4 in HDAC6 knockdown cells (Fig 5C) . To further understand the relation between HDAC6 and NOX4, we analyzed the effect of an antioxidant, quercetin, on the expression of HDAC6, NOX2, NOX4 and MK markers during PMA-induced differentiation of K562 cells. During MK differentiation in the presence of antioxidant, significant reduction in the expression levels of HDAC6 and NOX4 along with MK markers was observed ( Fig 5D) . This result implicated a clear crosstalk between HDAC6, NOX4 and ROS during MK differentiation. Next, we confirmed the role of HDAC6 in ROS production via NOX4 in MK biology, by analysing the mRNA levels of survivin gene, a chromosome passenger protein involved in cell division. During MK differentiation, survivin is downregulated so as to promote polyploidy in MK cell. We observed that survivin is upregulated when HDAC6 is inhibited (Fig 5E) suggesting that ROS produced by NOX4 is important for polyploidy of MK cell and that HDAC6 is involved in ROS production. Taken together, these results confirm the interplay between ROS, NOX4 and HDAC6 during PMA induced differentiation of K562 cells. In conclusion, our findings provide a new insight into the molecular mechanisms by which HDAC6 induces sustainable levels of ROS during MK differentiation by upregulating the NOX4 expression, positively regulating the expression of MK lineage transcription factors, GATA2 and FOG1, MK lineage marker CD61 and repressing erythroid lineage gene GYPA (Fig. 6 ).
Discussion
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